ABSTRACT. The surface of the dengue virus is composed of 180 copies of a multifunctional envelope glycoprotein that acts at several stages of viral infection. When the virus is in the endosome, these glycoproteins undergo major conformational rearrangements owing to the protonation of histidine side chains. This protonation allows for the formation of trimers, thereby triggering fusion between the viral and the host membranes. In this study, we examined the behavior of a monomer of this key protein containing unprotonated histidine side chains before the stage of trimer formation using explicit solvent molecular dynamics at various ionic strengths. The extended secondary structures, which contribute to protein stabilization, are smaller than those observed in a previous study involving monomers containing the protonated histidine. However, the structure of the monomer investigated herein is extremely stable under ionic strengths ranging from 0 to 225 mM. The results show that a protein surface frozen owing to interactions between charged groups is mainly responsible for this stabilization. Thus, focusing on binding sites and ligands that destabilize these properties can aid the search for dengue virus inhibitors.
INTRODUCTION
Dengue fever is a disease caused by one of the 4 dengue viruses (DENVs). The virus is transmitted by an infected mosquito within the genus Aedes, which occurs in tropical and subtropical areas of the world (WHO, 2012) . Symptoms range from a mild fever to incapacitating high fever, and patients present with severe headache, pain behind the eyes, muscle and joint pain, and rash. No specific antiviral medicines are available for this disease. Dengue hemorrhagic fever (fever, abdominal pain, vomiting, bleeding) is a potentially lethal complication that affects mainly children. Dengue is a fast emerging, pandemic-prone viral disease in many parts of the world (WHO, 2012) . It flourishes in poor urban areas, suburbs, and the countryside, but also affects residents of more affluent neighborhoods in both tropical and subtropical countries. The incidence of dengue has increased 30-fold over the last 50 years, and 50-100 million infections are now estimated to occur annually in more than 100 endemic countries, putting almost half of the world population at risk of contracting the disease (WHO, 2012) . Currently, no vaccine protects against dengue, although dengue vaccines have been under development since the 1940s. The lack of vaccine is due to the limited appreciation of the global dengue disease burden and the lack of potential markets for a dengue vaccine, which has caused industry interest to languish throughout much of the 20th century. In recent years, however, dramatic acceleration has occurred in the development of a dengue vaccine (DVI, 2012) .
DENV is a single positive-stranded (10.7 kb) RNA virus of the family Flaviviridae, genus Flavivirus (arbovirus type B) (Becker, 1982; Flint et al., 2004) . The mature DENV consists of an external glycoprotein shell and an internal lipid bilayer (host-derived) that encloses an RNA-protein core containing the genetic material (Pokidysheva et al., 2006) . The outer glycoprotein shell is composed of 180 copies of an envelope (E) glycoprotein, each of which is anchored onto the lipid bilayer through a transmembrane protein (Pokidysheva et al., 2006) . The E protein is multifunctional and acts in the recognition of neutralizing antibodies and cell receptors in the morphogenesis of the virion, in the neutralization for the induction of protective immunity and the elimination of antibody responses against viral infection, and in fusion with the cell membrane (Chen et al., 1997; Germi et al., 2002; Kuhn et al., 2002; Modis et al., 2003 Modis et al., , 2004 Zhang et al., 2004) . The crystal structure of protein E of DENV type 2 (DENV2) was obtained after its expression in Drosophila melanogaster, and it has been described to contain 3 distinct domains -namely D-I, D-II, and D-III (Modis et al., 2003 (Modis et al., , 2005 . D-I is inserted between D-II and D-III, and its primary structure is mixed with that of D-III. The relationship between D-I and D-II gives rise to a joint that provides flexibility to the E protein that seems to be important for the fusion of the membrane (Zhang et al., 2004) . D-II is the dimerization domain and contains the fusion peptide. It is an elongated structure shaped like a finger, and its end consists of a sequence of hydrophobic amino acids that is conserved in all Flaviviridae. This sequence of the E protein (98-109; 98-112 in the case of DENV2) (Modis et al., 2004; Stauffer et al., 2008 ) is thought to be responsible for the binding of the E protein to a membrane receptor.
After virus binds to the cell surface, a complex process of viral replication is initiated by endocytosis. Once in the endosome, the surface proteins of the virus trigger membrane fusion (Stiasny and Heinz, 2006) . Briefly, when the E protein dimer is exposed to low pH (around 6.5) (Modis et al., 2004) , it dissociates (van der Schaar et al., 2007) and undergoes major conformational rearrangement culminating in the formation of trimers (Allison et al., 2001 ). This process leads to a lump in a position that allows membrane fusion. The proposed model indicates that 3 fusion peptides penetrate the cell membrane. In the dimeric form of the E protein, the fusion peptide is accommodated in a hydrophobic region, so it is not influenced by intensive environmental conditions. D-III is a stable immunoglobulin-like fold that mediates receptor binding and concentrates a significant number of mutations, which potentially differentiate between the 4 dengue serotypes. DENV2 E protein trimers have been prepared in vitro using a method previously developed for protein and tick-borne encephalitis virus. In this method, homodimers are formed by soluble proteins and dissociated (reversibly) in acidic pH. The fusion cycle at low pH has been demonstrated, and the binding of the protein monomer to the lipid membrane has been shown to catalyze the irreversible formation of trimers (Modis et al., 2004) . The protein reorganizes during the formation of the trimer, so that the fusion peptides merge as a single hydrophobic finger opposite D-I and D-III. The complete fusion proceeds in several steps, including dissociation of the dimer, which is followed by a trimerization process that finally brings together the monomers in the proper position for effective integration into the host cell membrane providing suitable conditions for the fusion between the virus and the membrane cavity (Stauffer et al., 2008) .
The great interest in the identification and characterization of protein structure from a dynamic viewpoint is justified by the fundamental principle of molecular biology, which states that protein structure and function are closely related (Flint et al., 2004; Modis et al., 2005; Volk et al. 2007; Zhang et al., 2007) . A full understanding of biological reactions is impossible without knowing exactly which molecules are involved and their roles. The relevance of studies on the identification and understanding of the structures and therefore the functions of proteins is explained by their wide application (Leah, 2001; Navarro-Sanchez et al., 2003) , mainly in the chemical and pharmaceutical industries, as well as their obvious contribution to the interpretation of phenomena occurring in living matter. The development of new drugs, pesticides, herbicides, and enzymes, and the use of findings through genetic sequencing are known examples that require full knowledge and understanding of protein structure and function (Leah, 2001; Li et al., 2008; Perera et al., 2008) .
At some point in the process of dengue infection, at least a fraction of the E protein is in its monomeric form -more specifically, in acidic medium and under ionic strength (IS) of approximately 150 mM (IS150). In this study, the characterization of the monomer of the DENV2 E protein before its insertion into acidic medium was undertaken. To this end, the monomer of the E protein with all the histidine residues in the unprotonated state, MPE unp , was treated. In fact, the basic strategy for the molecular simulation of dengue adopted herein focused on a specific protein that plays a key role in the fusion of the virus with the host membrane so that ligands that inhibit the corresponding activity can be identified. Knowledge about the three-dimensional structure of the protein at the atomic level is essential to achieving this aim, and the E protein meets this requirement. In a previous study (Degrève et al., 2011b) , the monomer of protein E of DENV2 with complete histidine residues protonation -namely, MPE prot -was explored using molecular simulation. MPE prot had completely distinct behavior depending on the IS of the medium in which it was examined. IS150, which is the closest to the physiological state, was the system that furnished the greatest difference in the structures obtained during the MPE prot simulations and also in relation to the experimental structure. The conformation of MPE prot under IS150 conditions was different mainly in terms of the angle defined by the centers of domains I and III and the axis of domain II, which was significantly reduced. This structural change is essential for the formation of the trimer in its active form and its insertion into the cell membrane (Modis et al., 2004) . The present study also examined the structural and dynamic behavior of the E protein under various IS conditions but mimicking, by the MPE unp model, the extracellular neutral pH environment condition prior to fusion.
MATERIAL AND METHODS
The study of the influence of IS on the properties of the E protein monomer of DENV was developed from data produced by simulations of the behavior of this protein in aqueous media of various IS. The interactions between atoms have been described by the GROMOS96 43a1 force field (van Gunsteren et al., 1996) . The molecular dynamics simulations were performed using Gromacs 4.5.3 (Hess et al., 2008; van der Spoel et al., 2010) keeping constant the number of particles, the pressure, and the temperature (NpT ensemble) at a temperature of 300 K and a pressure of 1.0 atm using the Berendsen algorithms for temperature and pressure control (Berendsen et al., 1984) . A cutoff on van der Waals interactions was applied at 1.2 nm, and the electrostatic interactions were calculated by means of the smooth particle mesh Ewald method (Essman et al., 1995) . The lengths of the bonds formed with hydrogen atoms were controlled with the LINCS algorithm (Hess et al., 1997) , and the structure of the water molecules was controlled with the SETTLE algorithm (Miyamoto and Kollman, 1992). The experimental conditions were adjusted according to the consideration that all the histidine residues were unprotonated. The extracellular medium under physiological conditions is approximately IS150, which is maintained mainly by sodium cations and chloride anions (Alberts et al., 2002) . IS0, IS75, IS150, and IS225 were defined by appropriate concentrations of sodium and chloride ions. These values were used to understand the influence of the IS of the medium on the configuration of the protein by mimicking the extracellular conditions.
One of the monomers of the experimental structure of the DENV2 dimer obtained with X-ray diffraction (Modis et al., 2003) deposited in the Protein Data Bank (Berman et al., 2000; PDB, 2012) under the ID 1OKE was used as an initial structure and is referred to herein as Xtal. The location of the hydrogen atoms in the side groups of the histidine residues was obtained using the MolProbity program (Chen et al., 2010) . The atoms ND1 of histidine residues 27 and 317 and NE2 in the other histidine residues were protonated to maintain the electroneutrality of the histidine residue side groups. After a period of relaxation, the simulations of the 4 systems at each IS were continued for 400 ns.
RESULTS AND DISCUSSION
The composition of the systems and the overall main control results are listed in Table  1 . The system also contained the protein monomer composed of 394 residues and 3866 atoms in the united atom force field GROMOS96 43a1. The compositions of the systems were set so that electroneutral systems would be achieved under the predefined IS. The average temperature and pressure were in accordance with the imposed conditions. The potential energies varied with the composition of the systems, but they decreased regularly with increasing IS. Indeed, the average energies by volume unit revealed a reduction of about 9 kcal • mol -1 • nm
for each 75 mM rise in IS. Figure 1 depicts the average time structures of the monomer, which corresponded to the ensemble mean structures (EMS) as well as to Xtal. As shown, the structure in IS225 is similar to, but a little more compact, than that of Xtal. This difference can be explained by the fact that the medium of IS225 is the closest to the experimental medium, bearing in mind that the X-ray diffraction data were acquired from crystals produced in a basic medium of high IS (Modis et al., 2003) . D-I and D-III were similar in all situations, but D-II was rotated under IS0, IS75, and IS150 compared with the positioning of Xtal and IS225. Moreover, D-II became more compact as the IS increased. These changes are reflected in the root-mean-square deviations (RMSD) listed in Table 2 . The average simulation structures exponentially deviated from that of Xtal as a function of the IS: RMSD (nm) = 0.33 ± 0.06 exp(x/118), where x is the IS in millimoles, with an adjusted R 2 of 0.995. The RMSD between the simulated structures also increased as a function of the difference in the respective IS. Apparently, the IS did not promote structural changes under any circumstances, as reflected by the RMSD values, which did not evolve gradually. The same conclusions can be drawn from Table 3 , which shows that the gyration radii are virtually independent of the IS. However, compared with the volume of Xtal, the volume of the spheres displaying radii equal to the gyration radii showed an 11% compression. Conversely, the largest distances between the protein atoms (D max ) showed no clear differences, which indicated that the dissimilarity in the structures must be located in the Table 3 . Average radii of gyration, <Rg>, and the largest distance (D) between the atoms of the monomer of protein E.
Secondary structures
Secondary structures were defined based on the identification of hydrogen bonds between atoms in the main chain (Kabsch and Sander, 1983) under IS0, IS75, IS150, and IS225 EMS as well as in Xtal. The results are summarized in Table 4 . All of the experimentally established secondary structures were also found in the simulated systems, but the antiparallel sheet (374-380) (387-393) of the C-terminal region had no experimental correspondence. Several differences among the IS structures were found, such as a short sheet in D-I of IS0 and in the fusion peptide in IS225 D-II, as well as loss of sheets -2 in IS150, 1 in D-I, 1 in D-II, and 1 in IS225 D-II.
Some residues participated in more than one secondary structure, thereby increasing the stability of the particular region. This kind of formation has been called the extended secondary structure (ESS) (Degrève et al., 2011a) . The ESS listed in Table 5 for MPE unp were shorter than those found in MPE prot (Degrève et al., 2011a) , showing that the configuration of the monomer of the E protein is much less stable or less locked when the protonation of the histidine residues is incomplete. This characteristic is one more indication of the role of these residues in the process of virus fusion with the cell membrane. The ESS are very stable, as shown in Figure 2 , in which the distributions of the specific RMSD of the various ESS are represented -namely D ESS (RMSD). These RMSD were calculated using EMS as references. The mean values of the RMSD of the ESS calculated along 400 ns are also listed in Note that only one helix is found among the criteria used. The secondary structures recurrent in all systems are highlighted in bold. ESS(1) 8-13, 29-34, 41-45 21-25, 181-187, 9-13, 30-34, 40-48, 40-50, 135-144, (17, 3 .3 ± 1.7) 283-289 137-144, 158-163 276, 277 (19, 3 .2 ± 1.6) (33, 6.4 ± 4.1) (23, 4.8 ± 3.0) ESS(2) 126-129, 196-200, 126-129, 196-209, 21-25, 182-187, 68-73, 90-93, 205-209, 268, 269 268, 269 283-288 112-118 (16, 3 .0 ± 1.5) (20, 3.4 ± 1.6) (17, 4.7 ± 3.1) (17, 3.3 ± 1.8) ESS(3) 170-175, 179-187, 171-175, 179-183, 125-129, 196-201, 126-129, 196-200, 283-288 291, 292 205-209 205-209 (21, 3.8 ± 1.9) (12, 3.6 ± 1.7) (16, 4.4 ± 2.4) (14, 2.5 ± 1.2) ESS(4) 305-308, 320-327, 305-308, 320-327, 305-308, 320-327, 171-175, 179-185, 365-369 365-369 365-369 285-288 (17, 3.3 ± 1.7) (17, 3.0 ± 1.5) (17, 3.0 ± 1.5) (16, 4.1 ± 2.2) ESS(5) 337-339, 374-380, 337-339, 374-380, 337-339, 374-381, 306-308, 320-326, 387-390 387-393 386-393 365-369 (14, 3.6 ± 1.9) (17, 3.6 ± 1.8) (19, 5.3 ± 3.0) (15, 3.4 ± 1.7) ESS(6) 337-339, 377-380, 387-390 (11, 3.7 ± 2.0) The total number of residues for each ESS and the average root-mean-square deviation (referent to ensemble mean structure) and corresponding standard deviation for each ESS (units of 0.01 nm) are shown in parentheses. 
Hydrogen bonds and interaction energies
The total mean interaction energies of MPE unp with the water molecules, E(res,H 2 O), were -10.901, -10.391, -10.554, and -10.541 x 10 3 kcal/mol under IS0, IS75, IS150, and IS225, respectively. These results were similar under the 4 IS. The residues with charged lateral groups presented more attractive E(res,H 2 O) values, with an average in kilocalories per mole of -48.1 ± 22.2 (Arg), -101.6 ± 31.36 (Asp), -105.5 ± 35.5 (Glu), and -82.3 ± 32.5 (Lys), whereas the mean value for all residues was -26.9 ± 39.4 kcal/mol. The average E(res,H 2 O) per residue (Table 6 ) was fairly constant as a function of both the IS of the medium and of the domain. The same cannot be said for the charged residues Arg, Asp, Glu, and Lys. The total mean numbers of hydrogen bonds in the monomer were 2889.4, 2859.1, 2887.5, and 2886.7 under IS0, IS75, IS150, and IS225, respectively.
The total mean interaction energies between MPE unp and the chlorine ions were -264.4, -412.4, and -558.8 kcal/mol under IS75, IS150, and IS225, respectively. The interaction energies between the residues and ions, E(res,ion), occurred throughout the chain, especially with the charged side groups, as shown in Table 7 , which lists the residues that have at least one E(res,ion) equal to or less than -10.0 kcal/mol. Generally, E(res,ion) became more attractive as IS increased. This trend was seen clearly in the number of ions forming the ionic layers of the residues: 44.7 sodium and 39.6 chlorine in IS75, and 80.8 and 77.9 ions in IS150 and 144.9 and 116.2 ions in IS225. However, exceptions occurred in the Lys122, Glu148, and Glu360 residues. Their E(res,ion) values were virtually independent of IS, thereby indicating that their ionic layers are particularly stable. These 3 residues are located on the outer face of Figure 2 . Distributions, D ESS (RMSD), of the specific RMSD for the various extended secondary structure (ESS) using the ensemble mean structure (EMS) as references. RMSD = root-mean-square deviation.
MPE unp , so they are in direct contact with the external saline solution. None of the Lys122, Glu148, and Glu360 residues belongs to an ESS. Another exception was found in the cases of Lys58, Lys64, Glu84, Glu174, Asp192, Glu338, and Glu383, in which E(res,ion) was much more attractive under IS150. These residues face several sheets, so their access to the external medium depends directly on the neighborhood. For example, the distance between the side chain oxygen atoms of Glu338 and Glu383 in the IS150 EMS is 0.93 nm, so the 2 residues can share the same ions in their ionic layers. Lys58, Lys64, Glu84, Glu174, Asp192, Glu338, and Glu383 do not belong to an ESS with the exception of Glu174 and Glu338, which are included in small structures of an ESS in IS225. The opposite behavior is observed for Asp154, Glu161, Lys202, and Asp215. These residues are located in a region in which the main chain is slightly curved under IS150, but are located at the ends of almost helix-like regions under IS225 (Lys157-Thr155 and Gln211-Asp215), which increases their exposure to the external environment. Again, Asp154, Glu161, Lys202, Asp215 do not belongs to an ESS. .1 -10.0 Table 7 . E(res,ion), in kcal/mol, for the residues presenting at least one E(res,ion) ≤ -10.0 kcal/mol. -96.7 (11.4) -90.3 (11.0) -89.6 (11.6) -90.4 (11.6 ) All residues D-I -28.8 (7.2) -26.0 (7.0) -26.3 (7.0) -26.6 (7.1) D-II -25.5 (7.6) -28.1 (7.5) -25.6 (7.6) -24.9 (7.4) D-III -29.9 (7.1) -29.1 (7.1) -29.4 (7.2) -30.2 (7.5) Table 6 . E(res,H 2 O) averages of residues with the charged side group and the average for all residues depending on the domain and on the ionic strength (kcal·mol -1 ·residue -1 ).
Asp10
The average number of hydrogen bonds between the residue and the solvent are in parentheses.
Finally, extremely attractive energies were found for the Lys64, Lys202, Glu314, and Glu360 residues. In the 1OKE structure of the dimer of the E protein, the Asp154 residue of one monomer is very close to the Lys247 residue of another monomer (~0.86 nm). These results indicate that a clear separation exists between the contributions of the intramolecular and intermolecular interaction energies in the definition and maintenance of the tertiary structure of MPE unp .
Stability of the structures
The state of the protein in which no histidine residue is protonated corresponds to that observed in non-acidic medium before the introduction of the virus into the target body. The outer layer of the virus should therefore be structurally very stable, which implies that the 180 copies of the E protein are too rigid. This behavior can be checked by measuring the distances between electrically charged side groups, for instance, because the electrostatic interactions are determining factors in the stabilization of structures. Table 8 depicts the most important pairs of residues with charged side groups with average distances less than 0.6 nm as well as the corresponding standard deviations. Notably, several pairs of residues are found at virtually fixed distances in all systems. The small standard deviations suggest that these pairs of residues make the surface of the protein nearly frozen. In particular, the Glu62, Glu126, Lys58, Lys122, and Lys123 residues maintain the D-II region, to which the fusion peptide binds rigidly, which facilitates the maintenance of the fusion peptide structure necessary in the pre-fusion phase. Interestingly, the protonation, or lack of protonation, of the histidine residues results in opposite behaviors: the lack of protonation decreases the ESS and increases the rigidity of the surface of the protein related to the protonated systems (Degrève et al., 2011a ).
The present study on the behavior of MEP unp shows that the protein structure is extremely stable under IS0-IS225 when all histidine residues are unprotonated. The main features of the secondary structures encountered in MEP unp are also found in the experimental Table 8 . The most representative average distances between charged groups and their variances (after vertical bars) in nm.
The atoms used to determine the distances between groups are CZ for Arg, CG for Asp, CD for Glu, and NZ for Lys.
structure and in the same system when all the histidine residues are protonated. However, the ESS structures in MEP unp are smaller than those of MEP prot proteins. Nevertheless, the MEP unp surface is largely frozen by interactions between charged residues on the protein surface. These interactions can occur directly or indirectly through the ionic layers of the charged groups and, of course, through both hydration layers of the ions and of the charged groups. Comparison of the data obtained for MEP unp with those for MEP prot showed that the protein was extremely rigid in the first protonation scheme and that this rigidity was much more a consequence of the interactions between the surface groups of the protein and between these groups and the external environment than of interactions between internal regions. The stabilizing contributions in MEP prot are opposite. Because the external medium -namely solvent and other components -are key factors in determining and maintaining the structure of proteins, MEP prot can be expected to be less rigid than MEP unp is, which is observed because the structure of MEP prot changes under IS150 -that is, a fold that is essential for the formation of the trimer in the pre-fusion phase. Conversely, the rigidity of MEP unp is necessary to avoid the destruction of the structures of the virus E protein. If charged groups are partially responsible for the rigidity of the MEP unp structure, they could hardly be targets for specific inhibitors, because electrostatic interactions are nonspecific. However, because pairs of charges are involved, they should be considered when seeking ligands that could destabilize the structures of protein E in the MEP unp form, aiming to destroy the structure of the DENV E protein itself and inhibiting it even in the mature virus.
